ABSTRACT. The beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae), is an economically important pest that causes major losses in some main crop-producing areas of China. To control this pest effectively, it is necessary to investigate its population genetic diversity and genetic structure around the Bohai Gulf area of China. In this study, we used two mitochondrial genes, COI (578 bp) and Cytb (724 bp), to investigate its genetic diversity. We obtained 622 COI sequences and 462 Cytb sequences from 23 populations, and 28 and 73 haplotypes, respectively, were identified. Low to moderate levels of genetic diversity (COI: Hd = 0.267 ± 0.023, Pi = 0.00082 ± 0.00010; Cytb: Hd = 0.689 ± 0.018, Pi = 0.00255 ± 0.00029) for the total populations were observed. Phylogenetic and median-joining network analyses indicated no distinct geographical distribution pattern among the haplotypes. Overall, this study revealed that there was significant differentiation among the populations (COI: F ST = 0.158, P < 0.001; Cytb: F ST = 0.148, P < 0.001). F ST values for Shenyang, Baoding, and Funing were significantly different to those for most of the other populations. Finally, unimodal mismatch distribution analysis, combined with negative neutrality test results, showed a recent population expansion of the beet armyworm around the Bohai Gulf area of China.
INTRODUCTION
The beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae), is a worldwide polyphagous pest of crops that include cotton, soybean, maize, potato, tobacco, and many flowers (Adamczyk et al., 2003; Rizwan-ul-Haq et al., 2009) . To the best of our knowledge, this species is native to Asia, but has spread worldwide and is now found almost anywhere its many host crops are grown (Wei et al., 2010) . Generally, S. exigua larvae feed on plant foliage, leading to reduced yields and the eventual death of the host plant. In China, it was first recorded in Beijing in the 1890s. In recent years, with global warming and the adjustment of the agricultural planting structure, this pest has spread over most of the important cropproducing areas of China, and annual outbreaks cause severe economic losses to Chinese agricultural production (Luo et al., 2000) . For example, the species seriously damaged Welsh onion production by infesting a total area of over 8000 hm 2 in Tianjin, reducing annual yields by 30% (Zheng et al., 2009; Zhu et al., 2010) . S. exigua has a long history of insecticide exposure, and has developed resistance to many compounds, including chlorinated hydrocarbons, organophosphates, carbamates, and pyrethroids (Meinke and Ware, 1978; Chaufaux and Ferron, 1986) . Therefore, it is difficult to effectively control this destructive pest.
It is evident that a good estimation of the level of genetic diversity and genetic structure can aid in the understanding of this pest's biology and ultimate control in an integrated pest management system (Timm et al., 2005) . In recent years, many molecular markers have been used to investigate the phylogeny and biogeography of insect populations (Chatterjee and Tanushree, 2004; Behura, 2006) . Due to their strictly maternal inheritance, high evolutionary rates, and lack of recombination, mitochondrial DNA genes have been a popular choice as markers for studying population genetic structures (Avise, 1991; Sunnucks, 2000; Behura, 2006; Feng et al., 2016) . Both of the mitochondrial DNA genes cytochrome oxidase subunit I (COI) and cytochrome b (Cytb) have a moderate evolutionary rate, and a clear evolutionary pattern that is suitable for studies of phylogenetic evolution at the intra-and interspecific levels (Hebert et al., 2003) . Previous studies have found low genetic variation, little genetic differentiation, and no significant population genetic structure among the different geographical populations identified for this species. However, these earlier studies used a limited number of molecular markers (Niu et al., 2006; Wang et al., 2014; Wang and Zhou, 2016) . The area around the Bohai Gulf is one of the main crop-producing areas of China, and is a hotspot for the study of biological geography. However, little research has been conducted on the genetic structure and demographic history of S. exigua, and to date, no population-level genetic studies have been conducted on this destructive pest in this region.
Our specific objectives for this study were the following: i) to investigate the genetic variability and genetic structure, and the extent of gene flow, among S. exigua populations around the Bohai Gulf area of China and ii) to elucidate its ecological adaptation and population history. The results of this study will help to establish a theoretical framework for the development of appropriate management strategies for this species.
MATERIAL AND METHODS

Sample collection
S. exigua populations were collected through an extensive field survey combined with trapping, using sex pheromone traps from 23 locations in five provinces around the Bohai Gulf area of China between June and September 2012. Additional samples of S. exigua from Shenyang were obtained between 2012 and 2015 (Table 1) . Samples of S. exigua from Changdao were collected using a suction trap (Keyun ST-1B), which was developed by the Institute of Zoology, Chinese Academy of Sciences. To prevent the overrepresentation of siblings from each location, each larva was collected at least one meter from the neighboring one. All of the samples were preserved and stored at -20°C in 95% ethanol and deposited in the Horticultural Branch, Liaoning Academy of Agricultural Sciences in Shenyang, China. Spodoptera depravata (JX509780) and Spodoptera exempta (HQ177659) were used as outgroup species in the phylogenetic analysis. 
DNA extraction, polymerase chain reaction (PCR) amplification, and sequencing
Total DNA was extracted using a DNeasy ® extraction kit (Qiagen, Valencia, CA, USA) according to the manufacturer protocol, with a slight modification. A 700-bp COI fragment was amplified using the primers LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3') (Favret and Voegtlin, 2004) . PCR amplification of approximately 1000 bp of Cytb used the primers CP1 (5'-GATGATGAAATTTTGGATC-3') (Sezonlin et al., 2006) and TRs (5'-TATTTCTTTATTATGTTTTCAAAAC-3') (Simon et al., 1994) . Each PCR mixture contained 0.25 µL EasyTaq ® DNA polymerase (5 U/µL), 2.5 µL 10X EasyTaq ® buffer, 0.5 µL dNTP mixture (2.5 mM of each), 0.5 µL of each primer (10 pM), 1 µL DNA template, and 19.75 µL distilled water, making a final volume of 25 µL. The reactions were performed in a GeneAmp ® PCR System 9700 (Applied Biosystems, Foster City, CA, USA) under the following conditions: 94°C for 5 min; 35 cycles at 94°C for 30 s, 54°C (COI)/46°C (Cytb) for 30 s, and 72°C for 45 s, with a final extension at 72°C for 5 min. The verification of a successful PCR amplification was assessed by agarose gel electrophoresis, and the PCR products of the partial COI and Cytb genes were purified and directly sequenced using the PCR primers. All of the specimens were sequenced on an Applied Biosystems ABI 3730 DNA sequencer (Applied Biosystems). Sequence chromatograms, including sense and antisense, were edited and assembled using DNASTAR 5.0 (DNASTAR Inc., Madison, WI, USA) to obtain a single consensus sequence.
Data analyses
Sequence variation and genetic diversity
The sequences were preliminarily aligned using the CLUSTAL X 1.81 software program (Thompson et al., 1997) , and subsequently aligned manually. Nucleotide compositions, conserved sites, variable sites, parsimony informative sites, and distances between DNA sequences based on Kimura's two-parameter method were calculated using MEGA 5.2 (Tamura et al., 2011) . Nucleotide diversity (Hd) and haplotype diversity (Pi) were estimated using the program DnaSP 4.0 (Rozas et al., 2003) .
Phylogenetic and network relationships among haplotypes
Bayesian inference (BI) analyses were used to identify major clades, and to evaluate the relationships among the haplotypes separately. The analysis was performed using PAUP* 4.10b (Swofford, 2003) . ModelTest 3.7 (Posada and Crandall, 2001 ) and the Akaike information criterion (Posada and Buckley, 2004) were used to identify the appropriate nucleotide substitution models, and the selected models of sequence evolution were used for BI phylogeny reconstruction. The analysis used a random starting tree and proceeded for one million Markov chain Monte Carlo generations. Trees were sampled every 100 generations. The first 2500 generations (25% of the total) were later discarded as burn-in. Fifty-percent majority-rule consensus trees were generated from the remaining trees, and the posterior probabilities were computed. Compared with conventional phylogenetic trees, haplotype networks can identify the relationships among haplotypes and are preferable for intraspecific analyses. Unrooted networks for the COI and Cytb haplotypes were constructed using NETWORK 2.0 by the median-joining method (Bandelt et al., 1999) .
Genetic differentiation and population genetic structure
The levels of genetic differentiation between pairs of populations were estimated using pairwise F ST values (Weir and Cockerham, 1984) computed after 10,000 permutations in Arlequin 3.0 (Excoffier et al., 2007) . Analysis of molecular variance (AMOVA) was also conducted using Arlequin. The significance of the variance component estimates for the different hierarchical subdivisions were determined after 1000 non-parametric permutations.
Population demographic history and neutrality test
Demographic history changes were analyzed for S. exigua using two neutrality tests, Tajima's D (Tajima, 1989 ) and Fu's FS (Fu, 1997) , which were calculated from the total number of segregating sites. They were used to assess the evidence for population expansion, when negative values would be expected (Aris-Brosou and Excoffier, 1996) . Estimation and testing were performed by bootstrap resampling (10,000 replicates) using Arlequin. Neutrality tests were used as an indication of recent population expansion, when the null hypothesis of neutrality is rejected due to significant negative values (P < 0.05 for Tajima's D and Fu's Fs). According to coalescent theory, a population usually exhibits a unimodal mismatch distribution following a recent population demographic or range expansion. Mismatch distributions that were based on the difference between the observed and expected mismatch distributions were used as a test statistic.
RESULTS
Sequence variation and genetic diversity
A region of 518 bases from the mtDNA COI gene was isolated from 622 individuals, which were collected from 23 locations around the Bohai Gulf area of China during 2012-2015. Of a total of 578 characters, 549 sites were conserved and 29 sites were variable (5.60% of the total length), including 12 singleton polymorphic sites and 17 parsimonious-informative sites. On average, the COI sequences were found to be A-T rich: 39.1% T, 15.8% C, 31.1% A, and 14.0% G. In addition, the analysis identified 28 haplotypes (Hap_1-Hap_28), which were deposited into the GenBank database (accession Nos. KX576873-KX576900). The average number of haplotypes in a single population was 2.91 ± 2.13, with a range of 1-10 ( Table 2 ). The highest number of haplotypes was found in Shenyang in 2015, with 10 haplotypes in 28 individuals. Twelve haplotypes were shared by at least two populations. Hap_12 was both the most widespread and the most common haplotype, and was shared by 531 samples in the analyzed populations. Hap_3 and Hap_19 were shared by 9 and 23, respectively, of the populations analyzed.
For the Cytb sequence, a region of 712 bases was sequenced from 462 individuals, which were collected from 23 locations. This region contained 584 conserved sites and 128 variable sites (17.98% of the total length), including 82 singleton polymorphic sites and 46 parsimonious-informative sites; therefore, the Cytb gene was more variable than the COI gene. These sequences were similarly heavily biased towards A and T nucleotides, and averaged 33.1% T, 11.0% C, 43.0% A, and 13.1% G. We defined 73 haplotypes (HAP_1-HAP_73), which were deposited in the GenBank database (accession Nos. KX576901-KX576973). N, Number of samples; H, number of haplotypes; Hd, haplotype diversity; Pi, nucleotide diversity; SD, standard deviation; *P < 0.05, **P < 0.01, ***P < 0.001. The average number of haplotypes per population was 8.33 ± 2.47, with a range of 2-11 ( Table 2 ). The highest number of haplotypes was found in Baoding, where we defined 11 haplotypes in 15 individuals. Twelve haplotypes were shared by at least two populations, and HAP_13 was both the most widespread and the most common. HAP_13 was shared by 224 samples in the 23 populations analyzed. HAP_41 was found in 127 individuals. The HAP_9 haplotype was shared by 12 individuals in five populations. HAP_30, HAP_38, HAP_56, and HAP_61 were also found frequently, each being shared by 2, 7, 7, and 7 individuals in 2, 3, 5, and 5, respectively, of the populations analyzed.
Population genetic diversity was also estimated in terms of Hd and Pi in the 23 locations surveyed (Table 2 ). In contrast to some other Noctuidae pest species, such as Helicoverpa armigera (Behere et al., 2013) , Lampides boeticus (Lohman et al., 2008) , and Busseola segeta (Ong'amo et al., 2012) , all of the 23 populations exhibited relatively high Hd and low Pi, based on the COI and Cytb genes obtained. Overall, the average Hd based on the COI gene was 0.267, and ranged from 0 for Baoding, Funing, Xingtai, Lingyuan, Changdao, Heze, and Zhangqiu to 0.791 for Beijing. The average Pi was 0.00082, and ranged from 0 to 0.00510 in Beijing. In contrast, the Cytb sequence exhibited moderate genetic diversity in all of the populations surveyed (Hd = 0.689 ± 0.018; Pi = 0.00255 ± 0.00029). The highest genetic diversity estimate was obtained for Baoding 
Genetic distance among populations
In a pairwise comparison, the genetic distances between the populations were calculated using the Kimura two-parameter method, and are shown in Table 3 . For the COI sequence, the mean pairwise sequence difference between the populations was 0.1%, and ranged from 0 to 0.4%. The average pairwise sequence difference between the haplotypes was 0.9%, and ranged from 0.2 to 2.5%. For the Cytb sequence, the mean pairwise sequence difference between the populations was 0.3%, and ranged from 0.1 to 0.5%. The average pairwise sequence difference between the haplotypes was 0.19%, and ranged from 0 to 8.6%.
Overall, there were no statistically significant differences in genetic distance or small pairwise sequence between pairs of the populations. Figure 2 shows the unweighted pair group method with arithmetic mean dendrogram of the different geographical populations of S. exigua around the Bohai Gulf area of China, based on mtDNA COI and Cytb sequences. The data indicate that there was a discrepancy between the genetic and geographical distances. The data generated two clades, with one clade only containing Beijing, Binzhou, and Baoding.
Phylogenetic and network relationships among haplotypes
A phylogenetic analysis was conducted to determine the relationships between the 28 COI and 73 Cytb haplotypes of S. exigua, and to identify any discernible groups in terms of their geographical distributions. The results from ModelTest indicated that the best substitution models were TVM + I for COI and HKY + I + G for Cytb. For the COI sequences, a Bayesian analysis generated two clades, and simultaneously generated many unresolved branches ( Figure 3A) . The resulting median-joining network was similar to the topology of the phylogenetic tree, with 15 haplotypes connected to the common Hap_12 by only one mutation. The network exhibited a star-shaped genealogy, which is often associated with demographic expansion. This result is similar to the topology of the phylogenetic tree ( Figure 3B ). Among the populations, the largest clade was composed of haplotypes from seven locations, and these locations covered more than 1000 km. These results suggest that a random association of COI haplotypes of S. exigua exists, indicating high gene flow in this species.
The phylogenetic trees generated by the BI method for the 73 Cytb haplotypes were generally compatible, with the only difference being the relative positions and the statistical support possibilities of some branches. The topology based on Cytb is presented in Figure  4 . The phylogenetic results showed that one discernible clade was detected among the 73 haplotypes, despite the low bootstrap percentages from the BI analysis ( Figure 4A ). It also simultaneously generated many unresolved branches. The median-joining network was similar to the topology of the phylogenetic tree based on the Cytb haplotypes ( Figure 4B ). In all cases, there was no distinct geographical distribution pattern among the haplotypes.
Genetic differentiation among populations
The pairwise F ST values between populations for the two mtDNA genes are presented in Table 4 . For the COI gene, the F ST values ranged from -0.06 to 0.61, with statistically significant genetic differentiation detected in 46 comparisons (P < 0.05). The F ST values for Shenyang (SY2012) and Beijing were significantly different to those for the other 21 locations, suggesting low gene flow between these two populations and the remaining populations. *Population codes are given in Table 1 . Table 3 . Kimura's two-parameter genetic distance between populations of Spodoptera exigua around the Bohai Gulf area of China based on COI sequences (below diagonal) and Cytb sequences (above diagonal). For the Cytb gene, the F ST values ranged from -0.017 to 0.345, and statistically significant genetic differentiation was detected in 142 of 253 comparisons (P < 0.05). The F ST values for Baoding, Funing, and Shenyang (SY2012-SY2015) were significantly different to those for most of the other locations.
Population genetic structure
The results of the AMOVA are shown in Table 5 . Variation within populations (84.17-85.23%) was greater than that among populations (14.77-15.83%), and the level of population differentiation was highly significant after 1000 random permutations (COI: F ST = 0.158, P < 0.001; Cytb: F ST = 0.148, P < 0.001).
Neutrality test and demographic history
Neutrality tests were conducted using Tajima's D and Fu's Fs statistics. Tajima's D is a selective neutrality test that decides whether the mean number of differences between pairs of DNA sequences is consistent with the observed number of segregating sites in a sample. Population codes are given in Table 1; *P < 0.05. Figure 5 ). In addition, the median-joining network analysis of COI and Cytb revealed "star-like" networks, which also indicate population expansion. 
DISCUSSION
Genetic variability is an adaptive process, and one of the fundamental mechanisms upon which evolution depends. The investigation of intraspecific genetic variation can uncover new putative species, while providing insights into the evolutionary origin and history of extant populations (Lohman et al., 2008) . In the present study, a low to moderate level of genetic diversity of S. exigua around the Bohai Gulf, based on mtDNA COI and Cytb gene sequences, was established. This result is consistent with those of previous studies (Niu et al., 2006; Wang et al., 2014; Wang and Zhou, 2016) . Several studies have also reported low genetic diversity in other Lepidoptera species, such as Arctia caja and Lampides boeticus (Anderson et al., 2008; Lohman et al., 2008) . This may be due to a short history of population expansion that has not accumulated more genetic variation within the short diffusion history of this region. This pest was originally found in South Asia, and quickly spread to the main crop-producing areas of Hebei, Henan, Shandong, and Shaanxi before the 1980s. Since the late 1980s, it has become widely distributed in more than 20 provinces of China. In 2000, it was first reported on vegetables and soybean plants in Liaoning Province, Northeast China. The highest level of genetic diversity was found in Beijing and Baoding, probably because the species has not experienced serious genetic bottlenecks or founder effects, or there has been a lack of selection pressure (e.g., insecticides).
Although the phylogenetic analysis revealed the presence of some primary inclusive groups based on the two mtDNA gene sequences, there was no distinct geographical distribution pattern among the mitochondrial haplotypes. Compared to conventional phylogenetic trees, haplotype networks can identify relationships among haplotypes and are preferable for intraspecific analyses, because ancestral haplotypes may still be extant (Posada and Crandall, 2001) . The median-joining haplotype networks did not reveal any geographical clustering of the haplotypes, which indicates that S. exigua haplotypes exhibit a random association. Shared haplotypes were observed among the regions, particularly the most common Hap_12 (mtDNA COI) and HAP_13 (mtDNA Cytb) haplotypes, which were distributed in most local populations, indicating that gene flow has occurred among this species' populations in recent history. This finding blurs the original relationships between the different populations.
Understanding the dispersal ability of pest species is critical for theoretical aspects of evolutionary and population biology and for practical applications, including implementing effective forecasting systems. The beet armyworm is an economically important pest, but there is little information available on its dispersal ability. The results of this study may be particularly applicable to other migratory insects, such as Spodoptera litura and other noctuid pests. Our results show that beet armyworm populations in these regions lack significant differences, suggesting that extensive gene flow has occurred. S. exigua is a particularly polyphagous species that has been observed on almost 300 different host plant species from various botanical families, indicating that it has a strong adaptive capacity. However, finding a lack of genetic differentiation prevented us from quantifying migration rates between the populations, and the frequency of long-distance migration events. In general, species capable of active dispersal will show little genetic differentiation among populations. Again, this may be particularly true for migratory insects, such as S. litura and other noctuid pests. In this study, there was no statistically significant genetic differentiation among some populations, as evidenced by the high values of N m (COI: N m = 1.332; Cytb: N m =1.439). This is consistent with the results of Niu et al. (2006) and Wang et al. (2014) , and may be the result of either recent or rapid population expansion after a population bottleneck, or selection acting on some part of the mitochondrial genome.
A thorough understanding of the population genetic organization of pests can provide important biological information that can be directed toward their eventual control by broadening our knowledge regarding their modes of occurrence, migrations among locations, and the patterns of geographical variation among locations (Miller et al., 2003) . Dispersal capability, geographical barriers, and other factors can also affect the population structure of a species (Avise et al., 1987) . There is no obvious habitat loss, habitat fragmentation, host discontinuous distribution, or climatic barrier in the main crop-producing areas around the Bohai Gulf. Therefore, this species is predisposed to limited genetic differentiation in this region. AMOVA based on mtDNA Cytb showed that most of the genetic variation was within populations with the reminder occurring between populations, suggesting that there is significant genetic differentiation within the populations. Overall, the interpopulation and interindividual variation significantly affected the total variability.
The values of Tajima's D and Fu's Fs in a selective neutrality test decide whether the mean number of differences between pairs of DNA sequences is compatible with the observed number of segregating sites in a sample. Significantly negative values of these statistics indicate an excess of low-frequency variants, which can result from population expansion, weak negative selection, or positive selection. In contrast, significantly positive values of these statistics reflect an excess of intermediate-frequency alleles, which can result from population bottlenecks, structure, and/or balancing selection. A demographic analysis of the populations revealed a unimodal mismatch distribution and a significantly negative Fu's Fs value, indicating that there was a single expansion of the S. exigua range around the Bohai Gulf. This is the first study to investigate the population genetics of S. exigua around the Bohai Gulf area of China using two mitochondrial DNA gene sequences, and the results may provide useful data for forecasting outbreaks and managing this species in China. Because of the large amount of damage inflicted on agricultural crops and the high risk of the pest spreading, particularly given how extensively S. exigua is distributed throughout China, immediate action is needed to monitor and formulate strategies for its management.
Resistance to insecticides by insects is a prime example of evolutionary adaptation to environmental change, and a superb demonstration of natural selection being affected by humans. Although this species rapidly develops resistance to insecticides, the application of synthetic insecticides is currently the most commonly used control strategy, and insecticide resistance alleles that arise in the southern region might spread quickly into the northern region by migration. Over the past several decades, pest management programs, such as cultural controls, biological controls, and the use of insecticides, have been conducted in China, and have partially prevented the spread of S. exigua. However, the species has developed resistance to several groups of insecticides (Meinke and Ware, 1978; Chaufaux and Ferron, 1986) . High gene flow among beet armyworm populations may explain the rapid spread of insecticideresistant genes, and many resistance characteristics also accumulate through long-distance migration (Bouvier et al., 2001) . Therefore, identifying populations of S. exigua that exhibit resistance to insecticides at large temporal and spatial scales, investigating the distribution of resistance genes relative to genetic structure and the level of gene flow between populations of S. exigua in China, and quantifying the level of resistance to insecticides are important for guiding the application of chemical pesticides. Increasing our understanding of the population dynamics of S. exigua may improve predictions of its outbreaks and enhance management efforts. In general, population scouting is an important component of S. exigua management, and field surveys with sex pheromone traps are the standard sampling method for S. exigua. In the future, we will focus on monitoring the population dynamics of this species, and determine rules for its seasonal occurrence in crop-producing areas of China. In addition, intensive local sampling is necessary to correctly estimate genetic diversity, and detailed investigations of the phylogenetic and phylogeographical patterns of S. exigua need to be undertaken. More robust inferences of the evolutionary history of S. exigua will require additional samplings throughout China. Longer, or more, gene sequences, as well as more rapidly evolving markers, such as microsatellites, should be used in future, in order to better understand the population genetic structure and demographic history of S. exigua (Yin and Ji, 2013; Zhao et al., 2015) .
